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Abstract Throughout the human life span the functions of
several physiological systems dramatically change, includ-
ing proprioception. Impaired proprioception leads to less
accurate detection of body position changes increasing the
risk of fall, and to abnormal joint biomechanics during
functional activities so, over a period of time, degenerative
joint disease may result. Altered neuromuscular control of
the lower limb and consequently poor balance resulting
from changes in the proprioceptive function could be
related to the high incidence of harmful falls that occur in
old age subjects. There is evidence of proprioception
deterioration with aging. Regular physical activity seems
to be a beneficial strategy to preserve proprioception and
prevent falls among older subjects. Some studies have
demonstrated that the regular physical activity can attenuate
age-related decline in proprioception. This paper reviews
the evidence of age effects on joint proprioception. We will
discuss the possible mechanisms behind these effects and
the role of regular physical activity in the attenuation of
age-related decline in proprioception.
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Introduction
Proprioception was originally defined by Sherrington in
1906 [60] as “the perception of joint and body movement
as well as position of the body, or body segments, in
space”. At present, proprioception can be defined as the
cumulative neural input to the central nervous system from
specialized nerve endings called mechanoreceptors. The
mechanoreceptors are located in the joint, capsules,
ligaments, muscles, tendons, and skin [15, 77]. Propriocep-
tion is generally assessed by measuring both joint position
sense (JPS) and the sense of limb movement [25]. JPS
determines the subject’s ability to comprehend a presented
joint angle and then, once removed, actively or passively
reproduce the same joint angle [57]. Sense of limb
movement determines detection of passive motion of the
limb [25]. Both components of proprioception are impor-
tant for the generation of smooth and coordinated move-
ments, maintenance of normal body posture, regulation of
balance and postural control, and motor learning and
relearning [52, 73]. This importance was demonstrated by
Ghez and Sainburg [21] and Ghez et al. [22] using
deafferented patients. Their data showed that without
proprioception, the onset of movement is delayed and
trajectory formation is impaired and highly inaccurate.
Motor coordination and balance are abilities that decline
during the aging process, at least partially, by the
deterioration of proprioception [11, 30, 49, 51, 63]. The
somatosensory system and, specifically, the proprioceptive
system, are critically involved in the sensory control of
balance. Colledge et al. [17] studied the relative contribu-
tions of vision, proprioception, and vestibular system to the
balance in different age groups. They found that all age
groups were more dependent on proprioception than on
vision for the maintenance of balance. Thus, impaired
proprioception could be a contributing factor to falls. Mion
et al. [42] identified impaired proprioception as a contrib-
uting factor to falls among patients in a rehabilitative
setting. Moreover, Camicioli et al. [13] showed that the
disruption of proprioceptive input was the most important
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determinant of quantitative balance performance in subjects
older than 80 years. Decline in lower limb proprioception
has been linked to balance problems found in the elderly
[26, 34, 36, 80], which have, in turn, been associated with
the higher incidence of falls [35, 48, 64, 72]. Falls not only
lead to subsequent personal and social consequences of
injury and loss, but are also a major cause of death in older
people. So, decline in proprioception with aging could
greatly influence balance, increasing the susceptibility to
falls. Besides that, a decrease in proprioception could lead
to abnormal joint biomechanics during functional activities
such as walking so, over a period of time, degenerative
joint disease may result [62]. Therefore, it might be
important to develop and implement strategies to attenuate
the age-related decline in proprioception. Regular physical
activity could be an efficient tool in the preservation of
proprioception in old age subjects.
The aims of the present review are to report and discuss
(1) the aging effects on joint proprioception, (2) the
mechanisms behind these effects, and (3) the role of regular
physical activity in the attenuation of age-related decline in
proprioception.
Evidence of proprioception deterioration with aging
The actual knowledge about age effects on proprioception
is based on cross-sectional studies comparing propriocep-
tion in different age groups. Those studies assessed
proprioception by measuring JPS and/or the sense of
movement, but the methodology used was different
between studies. It is important to note that, although using
different methodologies, the sense of results led to similar
conclusions.
The first studies regarding the effects of aging on
proprioception were conducted by Kokmen et al. [32] and
Barrack et al. [3, 63]. Barrack et al. [3], who investigated
the knee joint, concluded that young members of a
professional ballet company had significantly better thresh-
old of perception of joint motion than a healthy, active age-
matched control group. Skinner et al. [63] investigated the
effect of aging on knee proprioception under passive
movement (threshold of detection of joint motion and the
ability to reproduce passive knee positioning) and observed
that older subjects had poorer proprioception in both tests
compared to younger subjects.
In the same way, Kaplan et al. [30] assessed the age-
related changes in proprioception using two techniques that
required active movement (ipsilateral and contra-lateral
active repositioning) and found that older subjects had
reduced proprioception compared to younger subjects.
Indeed, several studies showed a relationship between
aging and decline in several aspects of proprioceptive
sensitivity, namely a decrease in joint position sense and an
increase in movement detection threshold. The lower limb,
knee joint position sense [6, 27, 30, 37, 49, 51], and ankle
joint position sense [41, 55, 76, 82] are negatively affected
by aging. Similarly, in the upper limb, a decline in elbow
[56] and finger [19] joint position sense was observed.
Movement detection thresholds increased with advancing
age, as shown by the results conducted in the knee [5, 63,
81], ankle [23, 71], and metacarpophalangeal and meta-
tarsophalangeal joints [32].
For ankle position sense Robbins et al. [55] described an
age-related decrease of about 3° (angular error of estimation
increased from 3.418° in the young adults to 6.548° in the
elderly). Similarly, Sung You [82] found differences of
47.5% in the joint ankle reposition between young (median
age: 22.2 years) and aged (median age: 73.1 years) subjects.
Barrack et al. [4] estimated this reduction in about 6.54°.
Yan and Hui-Chan [81] showed that the joint detection
threshold was 50% higher in older subjects (aged 57–
77 years) than in younger subjects (aged 25–35 years) for
both knee extension and flexion movements.
Mechanisms of proprioception deterioration with aging
Proprioception involves central and peripheral components.
At the peripheral level, the construction of proprioception is
based on the cumulative neural input from mechanorecep-
tors (articular, muscular, and cutaneous receptors). Several
studies analyzed the relationship between the aging process
and structural modifications within articular [2, 45] and
cutaneous [8, 10, 16, 29, 75] receptors, which can be found
in literature. No study was found that examined age-related
changes in the Golgi tendon organ. The present review is
focused on muscle spindles because it is the major
mechanoreceptor involved in proprioception [39, 53, 54]
and because the proprioception changes induced by
physical activity seem to be related at peripheral level with
muscle spindle adaptations. The central component
involves internal feedback loops that transmit information
between and within sensory and motor areas [39, 44].
Advancing age causes a decline in proprioception
involving both central and peripheral level. At the periph-
eral level, studies using animals and humans showed
anatomical and physiological age-related changes in muscle
spindle resulting in muscle spindle decline: a study using
rats described an age-related decrease in the dynamic
response of the muscle spindle primary afferents to ramp
stretch [43]; structural changes of the muscle spindle can be
seen in decreases in the total number of intrafusal muscle
fibers and nuclear chain fibers per spindle, and increases in
spindle capsule thickness [31, 33, 43, 69]; Swash and Fox
[69] suggested that these spindle modifications may be the
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result of denervation, because spherical axonal swellings,
expanded motor end plates, and group denervation atrophy
can also be observed on skeletal muscle; and, Burke et al.
[12] found a 30% reduction in the vibration induced
inhibition of the stretch reflex because of aging, suggesting
differences in muscle spindle functioning at the spinal level
(deterioration of spinal presynaptic inhibition pathways).
The conclusions drawn from these studies suggest that
proprioception decreases with aging is in part because of
changes in muscle spindle function. In addition to that,
advancing age leads to deficits in the processing of sensory
input (myelin abnormalities, axonal atrophy, and declined
nerve conduction velocity) [7, 24, 59, 74] and neuromus-
cular performance decline. It has been shown that the older
adult has fewer, but on average larger and slower motor
units, resulting in motor unit reorganization [9, 14, 40, 65,
66]. Therefore, this age-related alteration of the number and
function of motor units have profound implications in
muscle force production and control. This lack of control
has also repercussions in proprioceptive ability.
At the central level, central somatosensory pathways
conductive function is affected by normal aging [70].
Aging induces progressive loss of the dendrite system in
the motor cortex [47, 58], losses in the number of neurons
and receptors, and neurochemical changes in the brain [38,
50, 68]. Age-related changes in spindle sensitivity can
result from supraspinally mediated changes in the gamma
drive to the spindles themselves; changes in the “set” of
muscle spindles will have a direct effect on sensitivity [46].
The relative contribution of the central and peripheral
level is not established, but it is reasonable to expect that
the decline in proprioception found in old age subjects
could be related to both central and peripheral changes.
However, previous studies [26, 67] suggested that older
adults may compensate for deteriorated proprioception
(peripheral inputs) by enhancing sensitivity of the central
encoding of sensory consequences (central inputs), thereby
reducing perceptual proprioceptive errors during balance
control.
The role of physical activity in proprioception
preservation during aging
Throughout this review, it has been widely reported that
proprioception declines during aging process. Few studies
have been conducted to examine the effects of regular
physical activity on proprioception preservation during
aging.
It is interesting to note that Pickard et al. [52] did not
find significant differences when comparing the hip joint
position between sedentary young subjects and active aged
subjects (mean age: 75±6 years), that practiced physical
activity 10 (range 3 to 20) hours per week. The authors
justified the lack of differences between subjects because
the aged group was physically active. However, the authors
did not compare sedentary aged subjects with active aged
subjects, it is impossible to affirm that the lack of
significant changes between young and aged subjects is
because of the increased physical activity.
Proprioception may be influenced by the level of regular
physical activity. Based on this, Petrella et al. [51] designed
a study to investigate knee joint proprioception among
young volunteers and active and sedentary elderly volun-
teers. Knee joint proprioception was measured through
reproduction of static knee angles using an electrogoniom-
eter. Sixteen young subjects (age range, 19–27 years) and
24 elderly subjects (age range, 60–86 years) participated in
the study. The elderly group was separated into active and
sedentary subgroups based on their level of activity during
the past year. Significant differences were observed
between young (mean, 2.01±0.46°) and active old (mean,
3.12±1.12°; P<0.001), young and sedentary old (mean,
4.58±1.93°; P<0.001), and active old and sedentary old
(P<0.03). The authors concluded that proprioception is
diminished with age and that regular activity may attenuate
this decline.
Gauchard et al. [20] investigated the effects of different
types of exercise on postural control and balance of aged
individuals and concluded that the proprioception can be
“trained” and that regular exercise of proprioceptive nature
might be beneficial to retain or regain balance. These
findings were corroborated by Tsang and Hui-Chan [73].
The authors demonstrated that long-term (mean Tai Chi
experience 10.1±9.5 years) Tai Chi, a Chinese mind–body
exercise that puts a great emphasis on the exact joint
position and direction, practitioners had improved knee
joint proprioception.
The exact mechanism by which the exercise improves
joint proprioception remains to be clearly understood.
However, several hypotheses can be provided from the
best evidence available. Being central and peripheral levels
involved in proprioception, it is not surprising that the
explanations for the improvement in proprioception, be-
cause of physical activity, involve both components.
Peripheral level improvements in proprioception were
linked to alterations in muscle spindle. There is no
evidence that training changes the number of mechano-
receptors [1], but there is evidence that training induces
morphological adaptations in the major mechanoreceptor
involved in proprioception, the muscle spindle. Training
can induce muscle spindle adaptations at a microlevel, the
intrafusal muscle fibers may show some metabolic
changes, and at a more macro level, the latency of the
stretch reflex response decreases and the amplitude
increases [28].
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Physical activity improving muscle strength can also
improve proprioception. The improvement in muscle
strength with exercise might yield better control of
movement, which, as a consequence, could enhance joint
proprioception under weight bearing conditions [51].
At a central level, physical activity might modify
proprioception by modulating the mechanoreceptor gain
and inducing plastic changes in the central nervous system.
Muscle spindle is the one mechanoreceptor whose gain can
be modulated by the central nervous system. The gain is the
input–output relationship of any receptor and can be
defined as receptor output firing rate divided by the
magnitude of the input stimulus [1]. In fact, proprioception
can be improved through increased output of the muscle
spindles through the so-called γ route during voluntary
movement. Increased muscle spindle output through the γ
route may occur during exercise, to enhance joint propri-
oception by facilitating its cortical projection. In this way,
repeated practice of a motor skill is thought to increase
muscle spindle output, which could bring about plastic
changes in the central nervous system, such as an increased
strength of synaptic connections and/or structural changes
in the organization and number of connections among
neurons [61]. Indeed, repetitive afferent inputs from the
mechanoreceptors could modify the cortical maps of the
body over time. Plastic changes in the cortex can be
induced by repeated positioning of body and limb joints in
specific spatial positions as demanded by exercise [73].
Regular physical activity over time can increase cortical
representation of the joints leading to enhanced joint
proprioception.
Liu et al. [33] examined myosin heavy chain protein
content of the spindle fibers and identified that three
myosin heavy chain proteins had modified expression in
aged muscle spindles when compared to those from young
subjects. It is interesting to note that similar myosin heavy
chain protein adaptations were found in rats in response to
hind-limb unloading [18] and denervation [78, 79]. The
loss of nuclear chain fibers may impair the static sensitivity
of the spindle and ultimately the ability to correctly
interpret muscle length [33]. Future research in old age
subjects is needed to determine the possible influence of
physical activity in myosin heavy chain protein content of the
spindle fibers, and the relationship between improvement in
myosin heavy chain protein content and proprioception.
Summary
It seems to be consensual and well established that
proprioception diminishes with aging. Our review has
highlighted the evidence that aging has deleterious effects
on joint proprioception. The physiologic mechanisms
behind the proprioception deterioration with aging involve
central and peripheral components. Regular physical activ-
ity seems to have a role in the preservation of propriocep-
tive function, but more studies are needed to clearly
ascertain this positive effect. Moreover, it is not clearly
understood which mechanisms are responsible for proprio-
ception changes induced by regular physical activity.
Explanations are given involving central and peripheral
components; however, it seems reasonable to expect that
changes in the proprioceptive system because of regular
physical activity involve both components. Future research
should be conducted to clearly respond to the following
questions: (1) What types of exercise have better results in
the preservation of proprioception during aging? (2) Which
mechanisms better explain old age subject’s proprioception
improvements induced by physical activity?
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